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. This can potentially increase the gain of the antenna by 3 dB, however for broadband operation it is essential to maintain one quarter wavelength separation between the ground plane and aperture at all frequencies in order to prevent impedance mismatch and pattern degradation, namely a reduction in the gain and polarization purity of the antenna [3] .
Ground planes consisting of conical shaped [4] , [5] , single step [6] , and small metal plate [7] structures have been proposed as a means to enhance the performance of spirals, and these techniques have been shown to work well in two or three narrow bands within the operating frequency range of the antenna. In this paper we use a methodical approach to create a ground plane which was designed to increase the antenna gain and front-to-back (F/B) ratio of an Archimedean spiral over the entire operating frequency range 3 -10 GHz. In contrast to a metal ground plane which would require mechanical tuning to maintain a constant electrical separation between the spiral and reflector, the architecture reported in this paper provides the required cavity spacing simultaneously at all frequencies and therefore enhances the gain and F/B of the spiral over the entire 105% band. The simulated VSWR, gain, front-to-back ratio and boresight axial ratio are compared to the free space (un-backed) spiral and the measured radiation patterns for both structures are presented at four frequencies including the upper and lower band edges.
DESIGN OF THE ARCHIMEDEAN SPIRAL ANTENNA

Spiral Antenna Design
The design of the two-arm, four-turn Archimedean spiral antenna is carried out using CST MICROWAVE STUDIO. The antenna has an outer diameter of 60 mm and an inner diameter of 4 mm.
The width of the arms and spacing between conductors is set to 1.65 mm to realize a selfcomplementary antenna. The input impedance of the spiral is therefore 188 Ω [8] , and in the numerical model it is center fed in anti-phase with equal amplitude signals at two excitation points which are separated by a distance 0.5 mm. The geometry and a photograph of the RHCP copolarized 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  P  e  e  r  R  e  v  i  e  w   3 antenna which was designed to operate in the frequency range from 3 to 10 GHz are depicted in 
Stepped Ground Plane
Most of the radiation from a spiral is attributed to the first mode of radiation [9] , [10] which occurs near a circular ring around the center of the spiral whose circumference is equal to one wavelength.
Therefore from band theory the radius of the active region is related to the operating frequency by r = c/2πf. This is shown in Figure 2 which shows the location of the highest surface current (light blue) which flows on the spiral at 3 GHz. In order to create a broadband ground plane, it is necessary to place the metal reflector λ/4 below the physical area defined by the active region at each frequency within the operating band of the antenna. For this study the backing structure was created by positioning a metal ring one quarter wavelength below each of the eight active regions corresponding to excitations of the aperture in 1 GHz bands from 3 to 10 GHz.
The size of each ring was determined by positioning a solid ground plane of radius 32.5 mm, λ/4 below the antenna to achieve the highest possible gain and maximum backlobe suppression. The area of the metal backing was then reduced, firstly by increasing the inner radius r i and then by decreasing the outer radius r o until a small reduction in the computed peak gain and diminished current flow on the ring surface were observed. This design process ensures that most of the energy radiated from the active region in the direction of the lower hemisphere is reflected from the surface of the ring. The antenna performance was optimized in 1 GHz bands from 3 to 10 GHz by using this design procedure to obtain the physical dimensions of the 8 rings which were stacked to create a stepped ground plane with the dimensions given in Table 1 . The tabulated results show that the position of the active regions calculated using band theory is close to the numerical predictions. 
RESULTS AND DISCUSSION
The electromagnetic performance of the free space spiral antenna was simulated from 3 to 10 GHz and the results compared with the stepped ground plane configuration shown in Figure 3 (b). In the numerical simulator the spiral antenna is printed on a substrate with a permittivity ε r = 2.2 and thickness t = 0.13 mm to model the Taconic TLY-5 glass reinforced PTFE material on which the antenna was printed.
The predicted VSWR (reference to a 188 Ω system) of the two arrangements is plotted in Figure 4 where it is shown that the antenna in free space exhibits a flat response, and above 2 GHz the VSWR is < 1.3. The cavity backed antenna is less well impedance matched between 3 GHz and 5 GHz, but the VSWR < 2 over the entire operating band of the spiral. The gain of the spiral in free space varies between 4.1 dB ic (3 GHz) and 6 dB ic (6 -10 GHz), but an increase of up to 3.1 dB is obtained when the stepped ground plane is placed behind the aperture. The predicted gain increase with frequency, which is shown in Figure 5 , can largely be attributed to the suppression of the dominant backlobe crosspolarized (LHCP) radiation. This is quantified in Figure 6 which shows that the simulated front (RHCP) to back (LHCP) ratio of the antenna is between 8 dB and 22 dB higher when it is backed by the stacked rings. The polarization purity of the two arrangements is compared in Figure 7 where the predicted axial ratio on boresight is < 1 dB for the antenna in free space over the entire 3 to 10 GHz frequency range. Scattering from the ground plane and the excitation of current which flows from the spiral ends towards the feed points is shown to increase the axial ratio, mainly between 3 and 5 GHz. As a general observation, a similar effect is observed when a flat metal ground plane is placed below the radiating aperture [11] , however the reflected currents can be suppressed by resistively loading the end of each spiral arm. In addition placing a metal reflector behind the antenna increases the modal contamination and this reduces the symmetry of the radiation patterns 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 F o r P e e r R e v i e w 6 and plotted in Figure 6 and 7. Copolar pattern power levels for the backed and un-backed antennas were measured in the boresight direction and the difference was used to quantify the increase in gain which is attributed to the stepped ground plane. The measured gain enhancement plotted in Figure 5 is in good agreement with the numerical simulations at the higher frequencies where the backlobe suppression and copolar pattern beamwidths are accurately modeled (Figure 8 ).
CONCLUSIONS
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